We report a facile approach used for the simultaneous reduction and synthesis of a well dispersed magnetically separable palladium nanoparticle supported on magnetite (Pd/Fe 3 O 4 nanoparticles) via continuous flow synthesis under microwave irradiation conditions, using a Wave Craft's microwave flow reactor commercially known as ArrheniusOne, which can act as a unique process for the synthesis of highly active catalysts for carbon monoxide (CO) oxidation catalysis. The prepared catalysts are magnetic, which is an advantage in the separation process of the catalyst from the reaction medium. The separation process is achieved by applying a strong external magnetic field which makes the separation process easy, reliable, and environmentally friendly. Hydrazine hydrate was used as the reducing agent under continuous flow reaction conditions. The investigated catalysis data revealed that palladium supported on iron oxide catalyst synthesized by continuous flow microwave irradiation conditions showed remarkable high catalytic activity towards CO oxidation compared to the ones that were prepared by batch reaction conditions under the same experimental conditions. This could be attributed to the high degree of dispersion and concentration ratio of the Pd nanoparticles dispersed on the surface of magnetite (Fe 3 O 4 ) with a small particle size of 5-8 nm due to the effective microwave-assisted reduction method under continuous flow conditions. These nanoparticles were further characterized by a variety of spectroscopic techniques including X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and transmission electron microscopy (TEM).
Introduction
Magnetic nanoparticles have been recognized as a class of nanostructured materials of current interest due to outstanding physical and chemical properties, especially when used in combination with other metal nanoparticles [1] [2] [3] [4] . These kinds of nanostructured materials play an important role not only in the field of catalysis, but also in many aspects of research ranging from catalysis and biology, to material science, advanced technological and medical applications, and green chemistry [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The metal oxide nanocatalysts are of great importance in improving the thermal-catalytic decomposition performance [18] [19] [20] . The advanced and unique magnetic, electronic, and catalytic properties of the materials in the nanoscale attracted research centers to investigate this area of science deeply [21] [22] [23] [24] [25] [26] . In the field of catalysis, separation of catalysts is a vital step, especially in medical and therapeutic applications and mainly in cross coupling reactions [17, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
The catalytic effect of magnetic nanoparticles was an important area of research due to its huge industrial applications [38] [39] [40] . It is well known that one of the important issues in catalysis is catalyst separation, as catalysts that cannot be recovered or recycled from the reaction mixture are generally not preferred in chemical industry, even if they are highly active catalysts.
Recently, there has been an increasing trend towards using these kinds of magnetically recoverable nanomaterials in order to develop green chemical synthetic processes.
By using magnetic nanoparticles as a support, it is easy to recover those catalysts by applying a strong external magnetic field to benefit from the paramagnetic character of those kinds of supports. The carbon materials have an increasing importance in catalytic processes when used as catalyst supports, but there is also an endless effort to develop other kinds of supports like metal oxides [21, [41] [42] [43] [44] [45] [46] [47] [48] [49] .
Compared to conventional methods used in synthesis of metal nanoparticles, microwave-assisted synthesis represents a unique approach that could be used for the synthesis of a variety of nanomaterials including metals, semiconductors, bimetallic alloys, and metal oxides with controlled shape and size, without using high temperature or high pressure reaction conditions. In the case of using microwaves, the heating process is performed by the interaction of the permanent dipole moment of the polar molecule with the high frequency electromagnetic radiation.
Carbon monoxide (CO) is a potentially fatal gas that can cause severe side effects and much more serious symptoms and in some cases, death. With oxidation catalysis over nanoparticle catalysts, CO removal is highly effective [50] .
Hence, tremendous trials for development of new catalysts for low temperature CO oxidation are an essential trend nowadays to decrease pollution from an environmental point of view [51] [52] [53] [54] [55] [56] . Oxidation catalysis usually requires the use of transition metals such as gold, palladium, ruthenium, platinum, iridium, and rhodium [57, 58] . All oxidation catalysts work the same way to transform CO into carbon dioxide, thus reducing or eliminating the potential risk of CO inhalation [59] [60] [61] [62] [63] . Microwave heating has been successfully used to synthesize bimetallic nanoalloys and nanoporous magnetic iron oxide microspheres for CO oxidation [64] [65] [66] [67] .
Cobalt, iron and nickel are mainly used as FischerTropsch catalysts, while their magnetic characterization provides valuable information about catalyst reduction, sizes of ferromagnetic nanoparticles, and chemisorption on ferromagnetic materials [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] . Synthesis of nanoparticles with variable sizes has been intensively tried, particularly for magnetic iron oxides with namely maghemite (α-Fe 2 O 3 ) and magnetite (Fe 3 O 4 ) [78] [79] [80] [81] [82] [83] [84] [85] [86] . Those nanoparticles were used efficiently as magnetic recoverable catalysts for various applications [42, [87] [88] [89] [90] [91] [92] [93] [94] .
Recently, microreactor technology has the capacity to transform current batch nanoproduction practices into continuous processes with rapid, uniform mixing and precise temperature control [89, . Furthermore, nanoparticles with smaller mean particle size and narrow particle size distribution have been developed with continuous flow microreactors compared to bulk batch reactors [136] . Finally, if we compare some reported systems used in synthesis of magnetic supported Pd nanoparticles with our adopted approach using a continuous flow microreactor, it is obvious that there are many advantages, such as lower complete conversion of CO at 137°C, easy control, high temperature adaptability, high yield, lower reaction time, and simple operation [139] [140] [141] . However, this approach still has also some disadvantages like wide size distribution as a result of poor mixing, contamination due to contact with channel walls, and clogging [97, [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] .
Materials and methods
All chemicals were purchased and used as received without further purifications. Palladium nitrate (10 wt.% in 10 wt.% HNO 3 , 99.999%) and hydrazine hydrate (80%, hydrazine 51%) were obtained from Sigma Aldrich, St. Louis, USA. Deionized water (H 2 O, ~ 18 mΩ) was used for all experiments. A JEOL JEM-1230 electron microscope by JEOL USA, Inc was operated at 120 kV was used to obtain transmission electron microscopy (TEM) images. The X-ray photoelectron spectroscopy (XPS) analysis was executed on a Thermo Fisher Scientific ESCALAB 250 (MA, USA) using a monochromatic Al KR X-ray. The X-ray diffraction (XRD) patterns were measured at room temperature using an X'Pert PRO PANanalytical X-ray diffraction (Boulder, CO, USA) unit, with CuKα. For the CO catalytic oxidation, tests were carried out in a continuous fixedbed quartz-tube reactor Type F21100 Tube Furnace (Sigma Aldrich, St. Louis, USA) under ambient pressure. (50 ml) and sonicated for 1 h. Palladium nitrate (10 wt.% in 10 wt.% HNO 3 , 99.999%, 200 μl) was added to the iron nitrate solution. Then, the whole mixture was stirred for 3 h followed by the addition of the reducing agent hydrazine hydrate (1 ml) at room temperature and once the solution was heated by microwave for 90 s under batch reaction conditions, the color changed to a dark black color, indicating the completion of the chemical reduction. Then, the final product was washed using hot deionized water two to three times, ethanol two to three times times, and then left to dry in an oven at 80°C.
Catalyst preparation

Synthesis of Pd-Fe 3 O 4 under flow reaction conditions: Different
catalysts were prepared but using an alternative method that is completely different from the one used under batch reaction conditions. In this approach, the catalysts were prepared under flow reaction conditions using a WaveCraft's microwave flow reactor called ArrheniusOne, as shown in Figure 1 . This technique was used to prepare the Pd/Fe 3 O 4 catalyst in large amounts compared to small amounts that were prepared under batch reaction conditions and also to produce a catalyst with the same specifications each time of preparation, in order to avoid problems of inconsistent specifications of different batches of catalysts that were prepared under batch reaction conditions. The ArrheniusOne unit is controlled and operated by the WaveCraft Control Application software program. Figure 2 gives an overview of continuous flow microwaveassisted synthesis that is in many ways performed like conventional (convective heating) continuous flow synthesis. The main difference in this case is the speed of reaction, the simplicity in operating the system and the fact that there is no thermal wall effect due to the lack of physical contact between the reactor and the surroundings. Microwaves heat by a different mechanism than conventionally heated organic reactions.
Residence time is defined as the time when the reaction mixture is in the reaction zone exposed to microwaves. The residence time can be calculated using the following equation: 
where RT is residence time in min, L is the length of the reactor in mm, R is the radius of the reactor in mm, F is the flow rate in micro l/min and π is 3.14.
The continuous flow microwave-assisted synthesis system consists of a microwave generator, an applicator to transfer the microwave energy to the reaction mixture, and a tubular borosilicate reactor in which the reaction mixture passes through the applicator (Figure 2 ) [152, 153] .
In the axial field applicator the microwave field is generated in a coil surrounding the flow reactor as shown in Figure 3A and B, allowing the microwave field to be concentrated axially inside the coil. The coil is automatically tuned to maximize the heating in the reactor tube by changing the frequency. Figure 3C shows that reactors of different sizes can be used by changing the length and diameter of the coil in the applicator, allowing the optimization of reaction conditions such as residence time and flow capacity. The reactor consists of a straight tube, made of microwave-transparent borosilicate glass. As shown in Figure 3D after running the synthesis process, the reactor will have residual pressure due to the back pressure regulator. It is necessary to vent this pressure before disassembling the reactor.
Several different catalysts were prepared under different reaction conditions to investigate the optimum preparation method as in Tables 1-3. In all catalysts prepared, a solution of Fe(NO 3 ) 3 ·9H 2 O(90 mg, 0.223 mmol) was dissolved in deionized water (50 ml) and sonicated for 1 h. Palladium nitrate (10 wt.% in 10 wt.% HNO 3 , 99.999%, 200 μl) was added to the iron nitrate solution. Then, the whole mixture was stirred for 3 h. Similarly, another solution of hydrazine hydrate was mixed with deionized water to be used as a reducing solution for palladium nitrate-iron nitrate solution.
Different ratios of hydrazine hydrate-deionized water were prepared to investigate the effect of reducing agent concentration. Ratios used were (1 : 0.5, 0.5 : 1, and 1 : 1), and the prepared catalysts were checked for their catalytic activity as shown in Figure 4 were prepared by injecting both (hydrazine hydrate-deionized water) solution and (palladium nitrate-iron nitrate) solution through using pumps to the T-Mixer where they were mixed together before being introduced to the microwave applicator where the reaction takes place inside a 3 mm reactor equipped from both sides with end sleeves made of Teflon material, for correct sealing of the fluidic system. It is remarkable to notice that the color changed to a dark black color, indicating the completion of the chemical reduction. Then, the final product was washed using hot deionized water two to three times, ethanol two to three times, and then left to dry in an oven at 80°C.
General procedure for CO oxidation catalysis: Experiments
for the CO catalytic oxidation were performed using a fixed bedprogrammable flow tube furnace reactor (Thermolyne 2100) [64] . In a typical experiment, 20 mg of the test catalyst was dispersed in glasswool and placed inside a Pyrex glass tube. The sample and furnace temperatures were measured by a thermocouple placed in contact with the catalyst bed and in the middle of the tube furnace, respectively. Signals from thermocouples were processed using an SC-2345 data acquisition board. To plot temperatures and other measurement parameters, a data acquisition software using Labview was utilized. A gas mixture consisting of 4 wt.% CO and 20 wt.% O 2 in balance helium was passed over the sample at a flow rate of 100 cm 3 / min, while the temperature was ramped.
The flow rate was controlled by a set of MKS digital mass flow meters. The conversion of CO to CO 2 was monitored using an online infrared gas analyzer (ACS, Automated Custom Systems Inc.) to detect the exit gas, which is then vented to an outlet. All the catalytic activities were measured after heat treatment of the catalyst at 110°C in the reactant gas mixture for 15 min in order to remove moisture and adsorbed impurities.
Results and discussion
Characterization of the Pd supported on Fe 3 O 4 samples synthesized by the microwave irradiation method was examined in detail using XRD, XPS, and TEM analyses. The catalytic activities performance of different synthesized catalysts were evaluated towards CO oxidation catalysis. Comparing Catalyst 4, Catalyst 5, and Catalyst 9, which were prepared under the same flow reaction conditions but at different temperatures of 80°C, 120°C, and 150°C, respectively, Catalyst 9 was found to be the best catalyst for CO oxidation with 100% conversion to CO 2 at 137°C compared to 168°C and 150°C in the case of Catalyst 4 and Catalyst 5, respectively. This high catalytic activity of Catalyst 9 prepared under flow reaction conditions was very similar to that of Catalyst 10 that was prepared under batch reaction conditions.
The XRD patterns shown in Figure 5 revealed that the as-prepared catalysts are enriched with Figure 7 . However, the Pd nanoparticles supported on magnetite prepared under flow reaction conditions appear to be smaller than those prepared under batch reaction conditions as in Catalyst 6.
From those TEM images, it was found that for Catalyst 4, the particle size of Pd was 4-6 nm, while it was 11-13 nm for magnetite, as seen in Figure 6A . For Catalyst 5, the particle size of Pd was 5-7 nm, while it was 12-14 nm for magnetite, as seen in Figure 6B . For Catalyst 9, the particle size of Pd was 7-9 nm, while it was 16-18 nm for magnetite, as seen in Figure 6C . For Catalyst 10, the particle size of Pd was 12-14 nm, while it was 28-30 nm for magnetite as in Figure 6D .
The TEM-data also revealed that the Pd nanoparticles were smaller and well dispersed on the magnetite surface in the case of Catalyst 9 prepared by flow reaction conditions compared to the catalyst that was prepared under batch reaction conditions (Catalyst 10), which is a very important and decisive factor in catalysis. This is very consistent with the catalytic activity data obtained from experimental testing of those catalysts as previously mentioned in Table 3 .
The XPS technique is more sensitive for the analysis of surface oxides than XRD. All the samples had a C1s binding energy around 284.5 eV derived from the carbon contamination in the analysis. Samples showed that the binding energy (the energy difference between the initial and final states of the photoemission process) of the binding energy of Fe 2P 1/2 was 723.7 eV, indicating that Fe was present in the oxidation state of Fe 3 O 4 and also the binding energy of Fe 2P 3/2 was 710.5 eV, indicating that the Fe was present as Fe 3 O 4 as shown in Figure 8A .
The data reveal the presence of Fe(III) as indicated by the observed peaks at 724.2 eV and 710.5 eV corresponding to the binding energies of the 2p1/2 and 2p3/2 electrons, respectively. The broad Fe(III) 2p3/2 peak centered at 710.5 eV most likely contains contributions from the Fe(II) 2p3/2 which normally occurs at 708 eV.
In Figure 8B , it is so important to note that in the case of all catalysts, some of the Pd is in form of PdO or (Pd + 2 ) but some of the Pd is in the form of Pd 0 . Also, the binding energy of Pd 3d5/2 was 335.14 eV, and Pd 3d3/2 
Conclusions
In conclusion, an application for a novel non-resonance microwave applicator was presented as the heating source in a continuous-flow synthesis system. This is a facile Table 4 shows the percentage ratios of Pd(0) % to Pd(II) %.
As mentioned before in Figure 6 , TEM images show that as the temperature increases, the particle size increases as well. So, it is obvious that a catalyst prepared at 80°C has a smaller particle size than a catalyst prepared at 120°C, which has also a smaller particle size than a catalyst prepared at 150°C. As a result, it can be observed that the saturation magnetization decreased as the size decreased. This agrees with the known fact that the magnetization of small particles decreases as the particle size decreases [154] . The magnetic properties of different catalysts were carried out by using vibrating sample magnetometer (VSM) analysis. Figure 9 presents the magnetic hysteresis loop of Pd-Fe 3 O 4 and reveals the magnetic response of this catalyst to the varying magnetic field. It simply shows the hysteresis curves obtained for Pd-Fe 3 O 4 different catalysts with an applied field sweeping from − 40 kOe to 40 kOe. The hysteresis loop of the prepared samples reveal superparamagnetic behavior at room temperature with nearly approach used for the synthesis of a well dispersed magnetically separable palladium supported on magnetite, which can act as a unique catalyst against CO oxidation catalysis due to the well dispersion of palladium nanoparticles throughout the magnetite surface.
The prepared catalysts were magnetic, which is an advantage in the separation process of catalyst from the reaction medium via applying a strong external magnetic field which makes the separation process easy, reliable and environmentally friendly as shown in Figure 10 .
The typical synthesis was conducted under continuous flow reaction conditions by using hydrazine hydrate as a strong reducing agent for the reaction mixture under microwave irradiation synthesis. The palladium played a crucial role in the catalytic CO oxidation at low temperatures (100-137°C). Such a catalytic activity is supposed to be connected with the reaction between oxygen adsorbed on the reduced sites of the support and CO adsorbed on Pd at the metal oxide interface. The results would be useful for preparation of metal oxide catalysts under continuous flow reaction conditions with high performance at low temperatures.
It is important to mention that doping of Pd nanoparticles plays an important role to enhance the catalytic activity of Fe 3 O 4 in CO catalytic oxidation by lowering the reaction temperature. However, the nature of the catalytic mechanism of such metal/metal oxide nanocomposites is still not scientifically clear. It is recommended that more experimental investigation is needed, particularly for evaluating the obtained theoretical calculations, in order to fully understand the catalytic reaction mechanism.
By applying the continuous flow method, the catalyst was prepared in larger amounts and in the same time without any differences in catalytic activity from batch to batch. In conclusion, an efficient magnetic catalyst has been successfully synthesized using a reliable, reproducible, fast and simple method using the microwave irradiation approach.
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